An offshore, time-domain CSEM (controlled source electromagnetic) technology using vertical transmitters and receivers is presented. The vertical electric field is sensitive to deep resistive layers. A square pulse with an alternating polarity followed by a silent period is used, in which the response is measured. The response curves from many pulses are stacked to reduce noise, and then stacked into time windows, where the size increases with time t after the pulse is turned off.
Introduction
Various controlled source electromagnetic (CSEM) methods have been developed in the last two decades (Edwards, 2005) . The seabed logging method (SBL) (Ellingsrud et al., 2002) has been used extensively for the last decade in hydrocarbon exploration. It uses a horizontal dipole towed over a grid of horizontal receivers, each of them has two horizontal electrical lines perpendicular to each other in frequency domain at long offsets (distance between transmitter and receiver). Vertical dipoles have been used in the MOSES (Magnetometric Off-Shore Electrical Sounding) method (Edwards et al., 1985) with magnetic measurements in frequency-domain. This method is not particularly sensitive to resistive layers. Using a vertical dipole and vertical receiver for marine borehole measurements have been suggested by Scholl and Edwards (2007) .
An offshore, time domain EM method that uses vertical, stationary transmitters and receivers has been developed by the Norwegian exploration company Petromarker. Short offsets in the range of 500 to 1500m are used to probe the electrical near-field that results from turning off a source current. The SBL technology that is based on the horizontal transmitter--horizontal receiver setup, mainly measures the current going through the sea. The vertical current resulting from a vertical transmitter, however, is sensitive to the current flowing through the sea bottom, and therefore carries information of the deeper structures. This information may be used in order to locate new reservoirs as well as to monitor the change in reservoir properties under production.
Technology overview
The Petromarker pulsing system technology consists of two pulse generators working in parallel with a total capacity of 5000A, each transmitter dipole has current capacity of 2500 A and consists of two electrodes attached to the vessel with cables. The lower electrode connected to the pulse cable is placed on the seabed. The position of the lower electrode is measured by averaging the positional data from an acoustic transponder attached to the lower pulse electrode. The vessel is moved to a position directly above the stationary lower electrode and the upper electrode is lowered 50m below sea surface, so that verticality is maintained.
A square pulse with alternating polarity followed by a silent period (pause) is used in this time domain method. The transmitter signal changes sign in sequences of 8 pulses. The corresponding time series are added or subtracted according to the sign of the transmitted signal. Usually, an asymmetric pulse with longer response period than the pulse period is used, typically 6s pulse period and 15s response period. The long response period allows the signal to fall below the noise floor. The stability of the pulse shape is verified by shunt measurements. All positive pulses are added and all negative pulses are added, then the average is calculated e.g. (sum of positive pulses -sum of negative pulses)/2. This averaging procedure, known as 'stacking', removes the DC components of external noise--in fact, the pulse sequence, which is called P8, is designed to also remove the linear-and quadratic-intime external noise. Such an alternating sequence also greatly reduces pulse electrode corrosion. In addition to the stacking, the data is averaged in bins of sizes that increase exponentially with time, so that the averaging is more extensive for the weak signal of late time when the noise becomes more significant (Nabighian and Macnae, 1991) .
Data recording is based on two types of receiver stations, an extendable tripod of 18m length, and long cable receivers of 60m length (the upper electrode is attached to a buoy and the lower electrode is attached to the electronic bottle placed on concrete base), see figure 1. There is no physical connection to the sea surface, so data is downloaded after recovery of the receiver station or by attaching a remotely operated vehicle (ROV) to the receiver base. Each receiver has 4 pair of Pb/PbCl electrodes. In order to obtain the maximum possible sensitivity for the measured signal, the gain factor for each Analog-to-Digital Converter (ADC) channel are set prior to launching the receiver station. A sampling frequency of 1000 Hz with 24-bit resolution is used for measurements. The long receivers are easier to deploy and have a higher signal level than the tripod. Large sea current leads to oscillatory electrical noise, and a small tilt. The tripod has low noise, less tilt and low signal level compared to the long cable receiver. During a survey, a number of receivers are placed on the seabed with a certain geometry and pulsing is performed at several locations with an offset range 500m-750m to the nearest receiver.
The challenge connected to measuring the vertical -rather than the horizontal field is the weakness of the signal. At late times the horizontal response from a horizontal dipole is 2-3 orders of magnitude stronger than the vertical response from a vertical dipole (Chave and Cox, 1982) . Therefore both transmitter and receiver tilt angles must be kept very small. Especially, the combination of a large transmitter and a large receiver tilt will distort the results. The dependence of the measured data on transmitter and receiver positions can be used to examine tilt effects. representing the modeled vertical electric field. Only one pulse system is shown. The upper and lower pulse electrodes form the vertical transmitter dipole, the return current goes through the sea. To the left on the sea bottom, the extensible tripod is shown, and to the right, a flexible line. The pulse electrodes are directly on top of each other.
Modeling
The vertical component of the electric field decays as E z (t) ~t -5/2 at long times (t) after the transmitter signal is turned off over a rock of uniform conductivity (σ) (Ward and Hohmann, 1987) . This is essentially the behavior of a diffusive current field with a zero boundary condition at the boundary (the air-water interface) of a half space (sea), with a diffusion constant D=1/(µσ), where µ is the magnetic permeability. Since the diffusion constant D is inversely proportional to the electric conductivity, a hydrocarbon layer of smaller conductivity gives rise to more rapid diffusion and, hence a quicker decay of the electric field (see figure 2) . The scaling between the characteristic time T, at which the corrections to the E z (t) ~t -5/2 behavior sets in, and the depth d of the hydrocarbon layer is simply d 2 = 2DT. The maximum contrast occurs at t=2-5s depending on depth d. The diffusion equation governing the electric current density in a model with horizontal layers of different conductivities is readily solved to give the forward prediction for the electric field. Conversely, standard inverse techniques are applicable to obtain the conductivities of different layers that best fit the measurements. Constable and Weiss (2007) canonical model normalized to a 1m vertical receiver and the electric current. The resulting vertical electric field is also normalized to the 1000m vertical transmitter length, which is also the sea depth. Two cases with offset 500m are shown, one with gas/oil and one without. The seawater with 0.3 Ωm resistivity is on top of a layer with sediments (1 Ωm) with thickness 1000m and oil/gas 100 Ωm with thickness 100m and an infinite layer of 1 Ωm. Squares indicate same polarity as the pulse-on, circles have opposite sign.
The model based on the idea of a 1-dimensional earth (layers) also assumes the absence of induced polarization effects and magnetizable materials. While these are restrictive assumptions, complementary seismic and geological surveys may nevertheless justify the use of such a model. Also 3D models are currently being developed and applied for the purpose of more accurate modeling.
The method has been used on the Norwegian Continental Shelf on depths 250-1300m, and measurements are in agreement with theoretical models. Field measurements will be presented with comparison to forward and inverse modeling.
Conclusion
A time domain EM method with vertical transmitters and receivers has been developed. The vertical electrical field is sensitive to deep resistive layers, and the modeling shows a significant difference between hydrocarbon-filled and water filled reservoir. The method has been verified experimentally on some locations of the Norwegian Continental Shelf.
